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APPENDIX A - MATH MODELS 


‘this appendix contains the math mode!s used in computer simulation of the 


systems. 
A.1) TURBINE MATH MODILS 


The gas turbines were modeled using the following expression for 


fucl vate: (1) 
NR 
a, on + Ww, + Wo Sp wr) 
‘4 PS S 
r UW, + W, 4, 


Where: We = Fuel Rate (lb/hr) 


Q = Turbine Torque (Jb - ft) 


Sy = Turhine Speed (rpm) 


Ww) Wo: Ww, and Wy are constants characterizing 


the turbine. 


The following constraints were imposed: 


om s OMAK sae Ouray = Max. allowable steady-state torque 
So < SAAN * Where OMAK = Max, allowable steady-state rpm 
Wan < We < Wax Where W MIN = Min. allowable (idle)/fuc} rate 

viii wala deesle tic Wax = Max, allowable fuel rate 

Pp = 1-904 20°" 8, Qn (a2) 


Where: P,, = Turbine shaft horsepower 


(1) Expressions develeped ly NSRDC, Annapolis. 
A-] 


Same 
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Specifie Puc! Consumption is; 
SFC = W/P a (ib/hp - hr) (A3) qi 
Tho maximum evailable turbine power occurs at Wh - W ax and 
a turbine speed, Si al this point: 
Ww ! zg W. $4 
G, «3 MAR 3 : 
0 Z 1 
VOW, - W b 
act ew f 
0° 2Ww,wo+y VOW + W 
( 4 ‘Pp v4) Wy vhs Vy ] 
Po =3.904x10 4g Q | 
MAX "0 *0 
{ 
t : 
y i sr - Vo 


MIN MAK MLM 
’ * .4 Wi ae 7 r — : . 
in order to compare turbine performence at various operating peints, 
a turbine figure-of-merit was defined us: 


4 = SF fy SEC 
TOM = SPC, /8 (A4) 


eS Oe 


Por any givan power, Par? there will be an cptimum Specd, § 


To’ | 
which minimizes the fue) rate (end SPC), given hy: 
S,.. =/(EW, P * + PW, P -BW, P (AS) 
TO i ee . T 4 T ' 

5252 | 

Where ke at eae ee Yio 

Ww, WwW, 7, Ww, 

a’ 

A-2 


For a given fuel rate, W_,, the maximum power and associated speed 


i 


and torque may be expressed by: 


S50 = pP/20 


Q.., = 0/2 


TO 


-4 9% 
=1,9043 
Pro 1.9041x10 § p“/4c 


Where: 
CG =. v W + WwW 
V 4p Wy 


With the fuel rate fixed, power nay then bs cxpressed as a {urction of 


the speed: 


y WwW 


constant. 
r 


This behavior is shown in figure Al. 
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~ [P= Turbine HP 
mA P. = Max. HP for 


Given Fuel Rate 


s. = Turbine RPM 


S> = RPM for 
“ Max. HP ‘Sas | 
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A.1.1 Main (LM - 2500) Turbine 


Constants used for the LM - 2500 turbine were as follows"!) : 


W, = 6600 ’ W, = 9.143 
= . = -3 
W, = 1.05 W, = 1.143 x 10 
. Warn = 2209 tb/hr Waray = 8400 lb/hr 
Quaax = 60,000 Ib-ft Sax = 3600 rpm 


These values result in optimum operating speeds vs. power and 


corresponding FOM and fuel rate values, as shown in figure A2. Maximum 


gh. 


power is’22, 024 hp at 3295 rpm, with an SFC of 0.3814 Ib/hp-hr 


(FOM = 1.0). 


A performance map showing power and SFC vs. shaft speed is shown 
in figure A3. The effect on fue) consumption of operating the iurbine at 
other than the optimum speed, S50 (shown by a dash-dotted line) may be 


seen on the figure. For example, at 10,000 hp: 


OT IE ag eater cantata ar ae 


. Speed Fuel Rate | SFC % Increase in Fuel 
é 2000 rpm) =—s $099 Ib/hr 0.510 7.1 
2840 rpm”) 4760 Ib/nr «0.476 0 
3600 rpm 4966 lb/ir 0.497 4.3 


(1) Based.on NSRDC, Annapolis values developed for superconductive 
drive system studies; the values used (with the possible exception 
of Wyn) should not vary significantly for 20, 000 hp turbincs other : 
than the LM-2500; while the study results for each configuration 
depend on the specific constants, comparative results between con- 
figurations are not highly sensitive to the choice of constants. 


(2) Optimum speed. ‘ 
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| A.1.2 Cruise (Garrett GTPF990) Turbine 


W, = 750 © 


1 


W, = 0.06 


2 


Ww IN™ 360 lb/hr 


M 


Qmax 


of the turbinc. 


= 7500 lb- ft 


A.1.3 Adjusted FOM 


(1) 


The following constants were used” ’: 


W. = 2700 lb/hr 


* (2) 
S MAX 7200 rpm 


Resulting optimum performance points are shown in figure A4, and_ 
performance as a function of power and speed are shown in figure AS. 


Maximum power is 5716 hp at 7200 eon? with an SFC of 0.4724 (FOM = 1.0). 


The figure-of-merit expresses the turbine efficiency as a percent of 


its optimum SFC. The SFC, in turn, may be related to the thermal efficiency 


(1) Based on NSRDC-Annapolis superconducting propulsion study values 
(characteristic of 5,000 hp turbines; see footnote/on page A-5). 


(2) 7200 rpm is the power assembly speed; the standard Navy version 
has a built-in 2-1 year reduction to 3600 rpin. Ref: Gas Turbine 
World, September 1974, p. 12, 


(3) Performance is limited by the 7200 rpm shaft speed limit: if there 
were no speed limitation, optimum speed would be 7238 rpm with 
no change in the SFC (SFC = 0.4724). 
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Taking the gross heat of combustion of Navy distillate fuel as 
( 
19, 300 btu/ib 2) and using 2545 btu/hp-hr gives a value of 0.1319 lbs of 


fuel/hp-hr for 100% conversion efficiency. For the two turbines: 


Min. SFC Max. Therma! Eff. 
Main 0.3814 0.3457 
Cruise 0.4724 0.2791 


and: 


iat GEL salle er aaa ac no amneaneini Silesia tes 


Thermal Eff, = FOM x (Max. thermal eff.) 


The use of FOM, frees the analysis from fuel type and is used in the 
System analysis. In order to compare the two turbines on a common basis, 
the cruise turbine FOM is adjusted to account for its reduced thermal 
efficiency whenever comparisons are nade between turbines, The aujusted 


cruise FOM is: 


Main SPC VA 


= SE «=—lo 2 s sw 
Adjusted Cruise TOM = Cruise 1 x FOM = 0.8074x FOM. = _(A7) 


For the adjusted cruise TOM: 


Thermal Eff = (Adj. FOM) x (Max. terma! eff. for main turbine) 


(1) R.J. Gauthey and J.P. DeTolla, "The Energy-Crises and Naval Ship Research 
and Development," Naval Engineers Journal, 86, Tune 1974, p. 101. 
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A,2 PROPELLER MATH MODEL 


In order to obtain a reasonable estimate of propeller performance, 


. bi i 
| the behavior of thrust and torque coefficients for a standard propeller é | 
Fil [ 
| - series? were linearized and modeled as follows: > | 
. L. C_=T (a > * ) (A8) ai 
T M Ty | 
in F a 
J 7 
: Cc. = 1-=> 7 
Q Om ( Q ) (A9) i] 
, te G 
. T  =T +T R+T R? 
M Ml M2 ‘M3 PS 
. ee 2 
ik Ty =T) + Tq R* M3 8 
¥ (All) : 
an Q.=Q.. +9. R4+Q R? 
0 01 02 03 
oa Where: om = Thrust coefficient 
%. Co = Torque coefficient 


J = Advance coefficient 
Ty = Value of Cy atJ=0 


T5 = Value of J} at C. =0 


Qy = Value a ll Ni f 


- QS eee 


(1) T.P. O'Brien, The Desian of Marine Screw Propellers , Hutchison 
Scientific and Technical Publishers, London. Gawn standard screw 
series (pps. 88-92) was used to obtain the mode] form. 
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(Cont'd) 


Qo = Value of J at “e* 0 


R = Pitch to Diameter (P/D) ratio 


» T3° Tor? To2’ Tos? Sma? See’ 


and RX are constants 


03 


02° 


characterizing the propeller. 


The following standard relationships are used: 


Vv Vv 
i-s = 101.3 5 
fend Cy 
(A12) 
=en D° Cc 
Q 
Le 
xe) 


v = Ship speed in fps 

V = Ship speed in knots 

n = Propelicr speed in rev/sec 
S = Propeller speed in rpm 

D = Propeller diameter in feet 
e = Water density in sues 
T = Thrust in lbs 

Q = Torque in lb- ft 


Np = Propeller efficiency 


ee eee Eee 


Maximum propeller efficiency occurs at: 


, j= 
1-2 -J1 ‘_ J (J for max Np). (A13) 


The relationships between J, Cy Co To: Ty’ Qo Qu’ and N 


are shown in figure 46. 


For the propeller mode] used in the study the following values 


were used: 


To) = 0.0500 Qo1 = 0.4550 
To2 = 1.0130 Qo2 = 0.5470 
193 = 0.0060 Q3 = 0.1577 
Tua = -0.2600 Omi = 0.1830 
T2 = 1.0090 Qn12 = 0.1633 
Ta3" -0.1800 Qm3 7 125260 
D= 17 ft RX = 1.4250 


3 
c = ).9905 slugs/ft. 
These values wore selected to: 


a. Match the genera) characteristics of the Gawn standord screw 


serics in terms of rejative cfficiencies at various pitches, 


b. Provide approximately 72 to 73% efficiency under actual opcra- 


tion (sclected arbitrarily as a reasonable efficiency). 
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Figure A-6. Propeller Relationships 


The values given for e and D provide the following characteristics 


I= 5.961 x (A14) 
2 

T= 46,18C, . S (A15) 

Q = 785.1C, « 5? (A16) 


The values given for Tw’ T2? etc. give the valucs shown in 


table Al. 


| Table A-1 
Propeller Characteristics vs P/D 


Maximum Efficiency 

L pp =m oo ~~ & ra Tp 
0.2735 0.0000 0.3275 0.02219 0.6164 0.1944 0.0000 
— 0.3000 0.0238 0.3544 0.02118 0.6333 0.2131 0.0229 
0.4000 0.1112 0.4562 0.01972 0.6990 0.2870 0.1620 
0.5000 0.1950 0.5580 0.02201 0.7679 0.3664 0.3392 
0.6000 0.2752 0.6600 0.02799 0.8400 0.4511 0.4825 
0.7000 0.3518 0.7620 0.03753 0.9152 0.5408 0.5720 
te 0.8000 0.4248 0.8642 0.05041 0.9935 0.6351 0.6260 
' 0.9000 0.4942 0.9666 0.06632 1.0750 0.7335 0.6602 
1.00¢) 0.5600 1.0690 0.08492 1.1597 0.8354 0.6852 
1.1000 0.6222 1.1716 - 0.10576 1.2475 0.9397 0.7057 
5 1.2000 0.6808 1.2742 0.12837 1.3385 1.0452 0.7237 
1.3000 0.7358 1.3770 .0.15224 1.4326 1.1504 0.7393 
1.4000 0.7872 1.4800 0.17681 1.5299 1.2535 0.7523 
1.5000 0.8350 1.5830 0.20153 1.6303 1.3525 0.7621 
1.6000 0.8792 1.6862 0.22582 1.7339 1.4462 0.7686 


1.7000 0.9198 1.7894 0.24912 1.8407 1.5336 0.7724 
1.8000 0.9558 1.8929 0.27092 1.9505 1.6150 0.7746 
1.9000 0.9902 1.9964 0.29069 2.0636 1.6911 0.7766 
2.000 1.0200 2.1000 0.30799 2.1798 1.7627 0.7799 


A.3 SHIP DRAG MODEL 


The ship's drag charactvuristics were modeled as follows: 


EHP =C,., v? (17) 


= s 
Cy Cig for V = 27 knots (A18) 


v- e, 
= an 2 
Ch Coo v : c for V 2 27 knots 


_ (3600 sec/hr EHP 
D, = Cae ye ) ; (550 Ib - ft/sec/hp he 7 (A19) 
2 
= 325.7 CV 


Where: LHP = Effective horsepower 


V = Speed in knots 


2 and ¥., are drag constants. 


Cio .. 
This form was chosen to approximate a Vv? dependence on drag at !ower 


speeds with drag increasing faster in the 30-knot region. Values were 


chosen for the thrce constants of: 
c.. =1,4 hp/ (kt)? 
DO 


C, = 5 knots 


V = 27 knots 
x 


The resultant drag/power profile is given in table A2. 


—_— fee YE a ewe ae - 


Table A-3 
Ship Drag Characteristics 


Drag Effective Speed Drag Effective 
(bs) Hp (kts) (Ibs) Hp 


456. 1.40 19.0 164587. 9602.59 
1824. 11.20 20.0 182368. 11199.99 
4103. 37.80 21.0 201061. 12965 .39 
7295. 89.60 22.0 220666. . 14907.19 

11398. 175.00 23.0 241182. 17033.79 
16413. 302.40 24.0 262610. 19353.59 
22340. 480.20 25.0 284951. 21874.98 
29179. 716.80 26.0 308202. 24606.38 
36930. 1020.60 27.0 332368. 27556.19 
45592. 1400,.00 28.06 373689. 32129.70 
55166. 1863.40 29.0 418286. 37248.61 
65653. 2419.20 30.0 466282. 42954.48 
77051. 3075.80 31.0 517801. 49290.50 
89360. 384) .60 32.0 572968. $6301.31 
102582, 4725.00 33.0 631906. 64033.13 
116716. 5734.40 34.0 694740. 72533 .63 
131761. 6878.19 35.0 761594, 81852.19 
147718. 8164.79 36.0 832594. 92039.44 


A.4 ‘TURBINE-PROPELLER- DRAG PERFORMANCE RELATIONSHIPS 


A.4.1 Ilr peller/Drag Performance 


The maximum propeller efficiencies given in table Al cannot be 


attained unless the advance coefficient J is at the proper valuc. 


However, under steady-state operating conditions, the value of J s 


fixed by the relationship between propeller thrust coefficient and ship's 


drag, since the total propeller thrust must equal the drag at steady-state, 


From A.2 andA.3: 


T = 46,18 C,S? 
D, = 325.7 c,,ve 
J = 5.961 VSS 


ae 


Combining (D, = 2T): 


-2 2 
Cy 9.921 x 10 Cy 


while, from A2: 


(A15) 
(A19) 
(A14) 


(A8) 


Figure A7 shows the resulting operating points for a P/D ratio of 


1.5. Operating efficiencies and advance coefficient, J, arc given versus 


P/D ratio in teble A3 and figure A8. For speeds up to 27 knots, maximum 


possible operating efficiency is 72.8% at a P/D ratio of 1.38; at 32 knots 


maximum efficiency is 71.3% at a 1.29 P/D ratio. 
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0-27 Kes 
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. > 7 32 Kts : . 
8 
2 
& 
, z 
Ss 0.5 
: , 
= 
| re) 
0 ' 
R= 1.5 ) (Advance Coefficient) 


Ty = 0.8350  Q), = 0.2015 


Ty = 1.5630 Qo = 1.6303 
Tor Maximum "is 
- J) = 1.383 
a ur = 75, 2% 
i Operating Point for 0-27 kts; 
i J = 1,202 
| = 72.6% 
I Cp = 0.2010 
i Cg = 0.05294 
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Figure A-7, Propeller Operation With PD = 4.5 
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Opervting Point for 32 kts: 


apical a ate cima + “nana cit: eee Me 


J 
n 


1.153 
70.6% 
0.2268 


T 


oa ee ee, 
Poche etait de ana Ei 


oY fas 
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C 
C 
Q 


0.05899 


+ eee 2 a 
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P/D Maximum Operating!) novence’™ 
Ratio Propeller Efficiency Propeller Efficiency Coefficient (j) 
0.2735 ; 0 0 0 

0.3 0.023 0.022 - 0.023 0.238 - 0.225 
0.4 0.162 0.129 - 0.138 0.375 - 0,364 
0.5 0.339 0.269 - 0,289 0.469 - 0.456 
0.6 0.483 0.404 - 0.450 0.557 - 0.541 
0.7 ’ 0.573 0.510 - 0.534 0.637 - 0.620 
0.8 0.626 0.587 - 0.607 0.718 - 0.696 
0.9 0.660 643 - 0.655 0.795 - 0.769 
1.0 0.685 0.681 - 0.685 0.869 - 0.841 
1.1 0.706 0.706 - 0.703 0.940 - 0.909 
1.2 0.724 0.720 - 0.711 1,009 - 0.972 
1.3 0.739 0.727 - 0.713 1.076 - 1.037 
1.4 0.752 0.726 - 0.710 1.140 - 1.095 
1,5 0,762 0.726 - 0.706 1,202 - 1,149 
1.6 0.769 0.723 - 0.700 1,262 ~ 1,209 
1.7 0.772 | 0.719 - 0.695 1.319 - 1.263 
1.8 0.775 0.716 - 0,691 1.374 - 1.312 
1.9 0.777 0.715 - 0,689 1.426 - 1.361 
2.0 0.780 0.716 - 0,69¢ 1.476 - 1,406 


Viinst value is for 0 tu 27 kts; second is for 32 kts. 


Table A-3. Propeller Operating Efficiency Versus P/D Ratio 
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From Section A.2, 
rf J=5.961 + (Al4) 
6 {! S 
H l, This results in a limitation on P/D ratio if propeller shaft speed is limited; 
| for example, 32 knots: 
Maximum Minimum 
‘Allowed Allowable 
Shaft rpm P/D Ratio 
160 1.57 
165 1,51 
170 1.45 
175 1.39 
180 1.34 


A.4.2 fro peler/Turbine Performance 


A.4.2.1 Optimum Pitch 

As discussed in A.4.1 and A.1, propeller efficiency and turbine 
efficiency are both affected by shaft rpm. If there is a fixed mechanical 
gear ratio between the propeller shaft and turbine, the optimum P/D ratio 
for minimum fuel rate will occur at some value other than that for the turbine 
or propeller alone. For example, with two main turbines operating at 23 


kts and 96% drive efficiency: 


Maximuin Propeller Dfficiency = 0.728 at 120 rpm 
With a P/D ratio of 1.4 


Maximum Turbine TOM = 0.862 at 3392 rpm 
With an output of 26,959 hp 


If the gear ratio were 28.3 to 1 (3392 rpm/120 rpin), the turbine 
would deliver 25,010 shaft hp and effective power would be 18,210 hp 
with an (ideal) efficiency of: 


0.728 ~ 0.662 x 0.960 = 0.602. 
However, with a fixed gear ratio of 21.5 to 7, optimum performance 
occurs «as shown in fiqure A9: 


P/D Ratio = 1.27 
Shaft Speed 130 rpm 


Turbine Speed 2783 rpm 
Effective Power 17, 030(2) 


(ised at 17,030 hp hy drag at 23 knots. 
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Shaft Power = 23,470 hp 
Turbine Power = 24,450 hp!) 
Fuel Rate = 10,930 lbs/hr 
Propeller Efficiency = 0.726 

Turbine TOM = 0.853 

Drive [fficiency = 0.960 


Overall Propulsion Lfficiency 


" 


0.594 


Yor the same conditions (23 knots with two main turbines) the clectrica] 


drive system is optimized by adjusting the "gear ratio" through reduction of 


the generator magnetic ficld and optinizes as follows: | 


P/D Ratio = 1,35 | 
Shaft Speed = 124 rpm 

Turbine Speed = 2960 rpm (76.6% magnet ficld) 
Liicctive Ccar Ratio = 23.9 to 1 
Lffective Power = 17,030 hp 

Shaft Fower = 23,040 hp 
Turbine Power = 24,100 hp 

Vuel Rate = 10,800 lbs/hr 
Propel: rc Uflieiency = 0.728 

Turbine TOM = 0,85? (2) 

Drive Lificioncy = 0.971 

Overall Propulsion Lficienc, - 0,602 


A ES Cs 


(1) 

(2) The slight decreasc over the geared case in turbine POM reflects: the 
drop in turbine power rcquired; 0.852 is the maxinunm TOM for 
24,100 hp fiom twe turbines. 


Turbine Power = (£ffective hp)/(populsion cificiency x drive eificiency) 


— 
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The electric drive is thus 1.3% more efficient at 23 knots; at lower speeds 
the difference is more pronounced, leading to an overall 6-7% advantage 


for the electric drive when averaged over the mission profile. 
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Turbine FOM 


0.8 


SPEFD- 23 Knots 
21.5 to 1 Gear Ratio 
96% Drive Efficiency 
2 Main Turbines 


0.7 = Prope Nor 
Efficiency 


0.6 


Overall 
Propulsion 
Efficiency 


Optihniun 
PD j ‘tio % 


as 


" 
| 
Soa Oe ee = anne 
12 1, 


0, # 1,0 4 1.6 


P/1) RATIO 


Yigure A-9. Operating Point With Fixed Gear Ratio 


| A.4.2.2 Selection of Gear Ratios and Electric Machinery Voltages 
[ The propeller pitch determines the Propclier rpm at cach speed; 


turbine rpm and efficiency then depend on the gear ratio, in the geared 
drive case, and on the motor/generator emf (volts/rpm), in the electric 


} drive case, The combination is limited by: 


Ea —=— se: 


2 Propeller cavitation 


> Turbine upper speed limit, 


In order to determine tae optimum gear ratios for the turbines and 
the optimum clectric machine voltages, the system math model was exercised 


subject to the following constraints: 


. Propeller Hmitet to 168 rpm(2) 
‘ Main turbine limited to 3600 rpm 
‘ Cruise turbine lim!ted to 7200 rpm 


The results gave, for ininimum fuel consumption: 


. Main Gear Ratio 21.510 1 
Cruise Gear Ratio: 74.0 to 1 

; Nlectric Motor emf; 1.6328 v/ baa 
Main Generator: 0.0911 v/rpin (2) 


° Crulse Generator: 6.0209 v7 rig 


SE On ae EI 


(0) Based on cavitation; see, D.A. Rains and RJ. d'Arcy, "Considerations 
in the DD 963 Propulsion System Design, " Naval Engineers Journal, 
August 1972, p. 68, 

2 A : . 

(2) The electric drive system har a variable "gear ratio" with minimum 

values of 17.9 to 1 for the main turbines and 78 to 1 for the cruise 

turbines, 


A.4.2.3 Selection of Operating Pitches 


With the gear ratios and electrical constants established, the optimum 
propeller pitch for each speed was determined. The result for the geared 
drive with main turbines is shown in figure Al0. Below 5 knots with one 
turbine, and below 7 knots with two turbines, pitch must be used to regulate 
specd because the turbine fuel rate is at its minimum value of 1100 Ibs /hr 
per turbine, ht 59 knots, the optimum pitch for 1 turbine is 1.15; it drops 
to 1.06 at 1] knots and thenrises to 1,16 at 21 knots. Similar effects 
occur for each combination of turbines. A continuously variable pitch is 
undesirable fo: cruise conditions, since the minimum fuel rate can be 
closely approt.ched by using a fixed pitch for each combination of 


turbines in use, 


Based on the resul)ts shown in fiaure AY an) similar results for the 
cruise turbines, fixed pitch ratios were selected for each combination of 
turbines, There values wore verified as giving optimum performance by 
inverting then in the math model ard running thom over the mission profile, 


The values selected wero: 


Nursber of Baseline Baseline Baseline Alternators 
lurines System +hllorelors 4 Cruise Yurbines  +Cruise Turbines 
1 Cruise « ” - 1.10 

2 Cruise - - 1.25 1.30 

1 Main - 1.10 - 1.10 

2 Main 1.20 1.30 1.30 1.30 

3 Main - 1.40 - 1.40 

4 Main 1.50 1.50 1.50 1.50 
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For the clectric System, the optimum pitch is much closer to the 
Pitch (1.38) where maximum Propeller efficiency occurs, as shown in 
figure ar), Because of the small variation in optimum pitch in the 
electric drive case, it is advantageous to use a fixed pitch propeller 
and a single pitch was therefore selected for the electric drive, The 
minimum fuel consumption over the mission profile occurs for a P/D 
ratio of 1.35; hos ‘ever, this requires a Propeller speed of 179 rpm 

at 32 knots. In order to keep propelle: speed close to 168 knots, a 
fixed P/D ratio of 1.45 was selected resulting in 169.6 rpm at 32 knots 


fa P/D of 1.50 would give 165.4 knots and the nearest 0.05 variation 


in P/D was selected). 


Seen ee 


Pitch is set to 1,5 when the turbine fuel rate js at idle ail speed is 
controlled hy varying the magnet field, 
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A.S ENDURANCE CALCUIATIONS 


Endurance calculations are based on BUSHIPS Design Data Sheet 


(1) 


DDS 9400-1°°", Values of endurance and endurance speed used to calculate 


endurance fucl load were selected to match those of the DD-931 and DL-2: 


4500 miles at 20 Knots’. 


Endurance power and fuel rate were taken from the baseline math 
mode] analysis. Ships service electric load was estimated at 4,000 kw at 
a fue] rate of 0.8 lb/kw-hr (sce Appendix B) and "fuel consumption for 
other services " was cstimated at 10% of the ships service electric load. 
4 "tailpipe allowance factor" of 0.95 was selected (i.e. 5% of the fuel 
is unavailable), The endurance fuel load calculations, based on 
DIDS 9400-1, are shown in Table A4, The result of the calculation is 1428 


long tons of fucl; 1430 tons was selected as the endurance fuel load. 


ee 


(1) Design Data Shect DDS 9400-1, “Calculation of Surface Ship Endurance 
Puel Requirements," 1 Nov. 1963. 


(2) R.T. Miller, C.J. Long and S, Reitz, "ASW Surface Ship of the "80's" 
Study, " Naval Ingincers Journal, Dec. 1972, p. 15. 
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- Table A-4 
ENDURANCE ruE£L LOAD 


(1) 


- Q) Endurance 4,500 n. mites”) F 
“ (2) Endurance Speed 20 enete™ 
i) GB) Full Load Displacement 7,600 1. tons f 
" (4) Pull Rated Power 80,000 SHP 
lj () Endurance Power at (2) and G) 15,500 sup®) ' 
i (6) Avg. Endurance Powcr J 
ae =l.lx § 17,100 SHP 

; Ratio: (6) / @) 0.21 

~ Cruising [lectric Load 4,000 wh 

i Fuel Rate at (6) 0.517 Ib/sHP-he"”) 

“4 Prop. Fuel Consumption 

-©«@® 8, 850 Ibs /hr 


Aux. Gen. Fuel Pate at (8) 0.8 b/w eine 


Aux. Gen. Fuel Consumption 


-@®« @ 3,200 Ib/hr 


Fuel Consumption for Othe: (5) 
Services 320 Ib/hr- 


© © OO OOOO 


All-Purpose Fuel Cuasumption 


= (© ' 2 + (®) 12,370 Ui/hr 


All-Purpose Pucl Kate 


-@/© 0.723 Ib/SUP-hr | 


ee ee ee ee ee ES ow ene 


© 


(1) Ref: BUSIIIPS Design Data Sheet DDS 9400.1, “Calculation of Surface 
Ship Indurance Fuel Requirements," 1 Nov. 1963, 


(2) Values selected to equal DD- 33) and DL-2. 
(3) Values from baseline model. 
(4) Estimated values for ships service, 


(5) Estimated at 10% of auxiliary qencrator fucl consumption, 
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Table A-4 (Cont'd) 


©) Fue] Rate Correction Factor 1.04) 
based on (7) 
(2 Specific rue! Rate 0.752 Jb/SHP-hr 
-®@«x@ 
Endurance Fue] Rate 0.790 Ib/SHP-hr 
= @ x 1.08”? 
t ©) Burnable Puel 1,357 l.tons 
= Q)x@ x G8 /((2) x 22.40) 
- Sailpipe Allowance Fector 0.959) 
[| @i) Endurance Fuel Load 1,428 l.tons 
. = 0) / G9 
i 


(1) Value from ref, (1) above; (1.04 applies for @) s 1/3). 


(2) Value from ref. (1) above; represents arbitrary 5% increase in fuel 
rate to allow for deterioratiun over two-year period, 


(3) Value from ref. (1) above; 0.95 factor selected for hroad, shallow tanks. 
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The endurance fue] }oad computation reduces to: 


-4 ( Endurance 


4.935x 10 kK Ind. io ) (All-Purpose Fue] Consumption ) 


Where: 
K = Fue] Rate Correction Factor 
Pee ae as ee wer 4 Seu 
= 1,03 for 0.34.< Gum ) < 0.66 
= 1,02 for (GEE ) > 0.67 
A}}-Purpose Tucl Consunption = (Propulsion Pucl Conaumageion 


4 (AuxiNary Gcuerator Puc) Consumption) + (fucl Consumption 


for other Services). 
Conversely: 
2027 (Speed) (Endurance ruel Load) 


os *naura nee re ig ae nn me A20 
Range (Lndura nce) = “K (AW-Parpose Fuel Consumption) vn 


ee ae oo ee 


(1) Taker of power required at endurance speed in endurance | 
fucl }, alations (allows for adverse sca conditions and bottom 
fouling . a two year period). 
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In order to provide a comparison between various configurations, 
range was calculated according to the above expression. The total of 


auxiliary qenerator and other services was held fixed at 3520 Ib/hr in all 


calculations. Fuel rate was taken from the computer results at each 


~_- 
; (1) 
= spced and an allowance was made for additional ships service load : 
YE al 
: fl as follows: ; 
| Added Ship Service Load (kw) = (Cooling Load) 
r + (Refrigeration Load) 4+ (Lubrication Load) 
é 
oe 
| 
[" Where: j 
he 
1 Cooling Load (kw) = 0,02 (lurbine 11P - Shaft HP) 
(Estimated ship service load required for pumping coolant and 
seawater lo remove heat generated by losses). 
Refrigeration Load = Power required for helium compressors 
Lubrication Load = Power required for lubrication of electrical 
9 
generators (2) : 
Added Puel Load (lb/hr) = 0.8 % (Added Ships Service Load) 
j 
° (1) eS . H oO = 
No 1)07. adjustment factor used on powcr, | 
- 2 5 ; z : 4 
(2) Motor lubrication considercd even tradeolf against mechanical 
gear system, 
: A-38 
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Txample; 


Electric drive system with cruise turbines at 25 knots; two main 


turbines operating: 


Turbine HHP = 30980 
} 19 kw cooling load 


Shaft HP = 30040 
Refrigeration Load = 130 kw 
Lubrication Load = 2 kw (Two Gencrators) 


Total added ships service load: 151 kw 


x 0,8 = 121 lb/hr added fuel load 
Fue) rates: 


Turbines: 12,890 Ib/hr 
fdded Load: 12) )b/hr 
Ships Service: 3520 Ib/hr_ 


Total: 16,53) lb/hr (All-purpose fuel rate) 


SHP ~ Rated Power (80,000 HP) = 0.38; K = 1.03 


Average results over the mission profile are based on the everage 
mission speed of 15.8 knots and the averege power loss and tubrication 
load. The endurance fue] load is reduced by the weight of any added 


propulsion equipment. 


[7 i.e., over the mission profile: 


: Range = 2027 (19.8) (1430 - Added Equipment Weight) 
1 9 1.04 (Average All- Purpose Fue! Consur umption) 
be 

| :- _. 30795 (1430 - Added Weights) 

I, (Average All-Purpose Fuel Consuinption 

: ‘ Example; 
i. Por the geared-drive baseline: 


Average Turbine HP = 10770 
9 kw cooling load 


Average Shaft HP = 10340 
Refrigeration Load = 0 
Lubrication Load = 0 


9 kw total load (7 lb/hr) 
Puc] Rates; 
Average Turbine Tue] Rate = 6392 Ib/hr 


Average Added Load 


" 


7 \b/br 


Ships Service Load 


3520 Ib/hr 
9915 Jb/hr total 


Added Weight = 0 


Ranqe = eee = 4440 infles 
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A.G ELECTRIC DRIVE MATH MODELS 


Math mode!s for the electric motors, generators, tranmission lines, 


and buss lines are shown in figures A-12 through A-14. 
A.7)) ALYERNATOR MATH MODLIL 


Analysis of the crossover efficiency, as chown in figure A-15 gives 
an expression for drive system cfficiency in the crossover mode cqual to 
0.921 for a drive efficiency of 0.95 and alternator cfficiencics of 0.98 

; , . 2, 
each, The same result is obtained by using 0.96 x (0.98); i.e., by 
multiplying the drive efficiency by the alternator pair efficiency of 0.96. 
The latter method is used in the computer program whconever crossover is 


used, 
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IM = Input Current (Amps) 
T = Te, ; a FS > 
Vu Terminal Voltage 
Vue = Back emf (volis) 
Rar = Internal resistance (ohms) 
8 = Shaft rpm 
Q = Shaft torque (lb-ft) 
K = Pack emf (volts/rpm) 
M 
- = Friciion loss teve/rpm”) 
Ke = Eddy curren’ loss (Kv-/eprn?) 
Vy = Viscous lass Kw/epm”) 


Civen § and O (from propeiler characicristics) 
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MOTOR MATIT MODEL 
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GENERATOR MATH MODEL 


Generator Current (amps) 
Terminal Voltage 

Back emf (volts) 

Internal Resistance (ohms) 
Shaft (turbine) rpm 


Turbine hp 


Friction loss (Kw/ toe") 


2 
Eddy current Joss (Kw/rpm at full field) 


Viscous loss (cw/epm”) 


Percent magnct field 


cr (from Buss Line): 


a ee ee 


Back emf (volis/ipm) 
| 


745 


H 
{ 
wt. 
“e'. . 
2 
7 - id : , 
fate 1m ht 8D) Sh 


and P_ are a function of the percent nagnet field 
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: TRANSMISSION LINE MATH MODEL 
a " mee an ee ee a a ore 
| Veer aan a Va i 
\ .f # T . Buss ' 
be nA 3 
: \ MNetor “4 LINE ! 
| i a ‘ 
be aawea ‘ nr ee ee 
Var = Motor termin:) voltage 
Vp = Buss voltage i 
. vi = Motor current (amps) | ; 
Re = Transmission line resistance (ohms) 
Given Ih and Yer Brom motor): 
‘ Va = Veer t I Be 
A ~~ mee ner: eeeemememenne oo ener eee ee NES UE Ne Ae 


BUSS LINE MATH MODr I 


er ple erty ae. l 
I Ger. I Gea! Iee, l fen.! 


“ Fr ‘ le 4c 
4 & y * “ i ‘ " , 
‘ . a ry 6 
oe ; Pa L aes rs a a 
VSS hie Pas © Re 
eng \ ~ semen oue emer 4 o ite eer AF =e aasiaall 
s oy aA re 
y oom) \ t “ein VEC 
7 > ~“ 
‘ 


- — 


Motor current (amps) 


: 
Cenerator current (amps) 
V = Puss voltecue 
i3 : 
Vor = Gencrator terminal voltagc 
R = Buss resistance 
B 
Nes = No. of turbines operating 
Given ].. and V.. (from transmission linc); 
Ce 
Zf 
I aed V V J 
« os ov 4 XN 
G N,, Gi) B La : iv 


Figure A-14 
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| Overall efficiency = 2 [—--~--- 
¥ +E DE, 
} ™ 
Where: 
Py = Turbine Shaft Power 
aN = Alternator [ificicncy 
Ly = Drive Lfficiency 
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Power transferred = 0.489 Pr 


Efficiency = 0.921 


Reduction 


Gear 


Figure A. 15. Alternator Math Model 
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APPENDIX Bo - SYSTEM COMPONENTS 


This appendix contains details cf the superconductive motors, gener. 
aters and encilary equipment used as @ basis for electric drive performance 


in the stuly, as well as the alternator desian used for the geared systems. 
Bel MOTORS 


The motor desiqn used is based on a design developed at NSRDC, 


' 1) ae ; 
Anno polis, Matylana! + essential details are shown in figure B-], 


MAIN GENERATORS 


The 29, 000 hp main generator design is also based on an WSRDC 


(2) j 
dwaigtr ‘and is shown in figure B-2, 
CRUISE GENERATORS 


tne $,960 hp cruise generator is Similer to a 5,000 hp, 15, 000 rein 
generator design develored at RS ‘OG. The gencrator was recdesicnerd 
Lo operate at 7,200 rpm tor use wit], the Garratt 990 gas tuebine am} 


noching losees und halavin requircionms were estimated using tochniguas 


Ne One eT a epee ee os a 


( Me J. Doyle, "Superconductive Propulsion Motor Develoomant ut NERC, " 
Naval Ghip Research and Development Center, Annapolis, Maryland, 
Avuust, 1974, 

(2) h ee te me . 4 ial . . 
HW... Stevens, eupercomdoctive Generation Development for Ship Dhectei 
Drive Systems, " Naval Ship Research and Dovelopnent Centor, Annanatic, 
Maryland, August, 1974, 
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40,000 HP SUPERCONDUCTING MOTOR 


Desian Point: 


40,000 hp at 180 rpm 
(30,510 kw at 300v) 


Size: Weight: 
OD: 6.47 ft Machine weight: 
Length: 11.67 ft Mount weight: 
Volume: 364 ft? Total weight: 


Performance at Desicn Loint: 


Power Input: 30,54, (40,915 hp) 

Losses: Ohmic 620.6 kw 
Brush Eddy Current 59.2 kw 
Brush Viscous Drag 0.4 kw 


Bearing, Seals and Windcsace 2.) kw 


130, 000 Ibs 
6,500 Ibs 
136,500 ibs 


68? kw total (915 hp) 


Power Output: 40,000 hp (29, 628 kw) 


Gurrent: 103,700 amps 
Voltfine: - 300 volis Mficiency: 97.76% 


Heliom Required: 


0.097 gom/ses at 4.5 6, 2.7 atinonplere 


eae ee oa Oe a 


Ky (Back cmf): 1.6328 vAnm 
Ry (Internal Resistance): 60 micro-oh: > 
Kp (Mriction Less): 6.461 > 207° w/(rpmn)@ 


Ky (Eddy Gurrent Loss): 1.827 x yo-3 kw/(rem)* (at full field) 


Ky (Viscous Loss) 6.859 x 1078 kw/(rom) 3 


Figure ie] 
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20,000 HE SUPERCONDUCTING MAIN CENEPATOR 


r- 
a - —-—- - 
eee = 


Design Point: 20,000 hp @ 3300 rpm 
(14, £00 kn @ 300Cv) 
Size Weight 

OD: Machine Weight: 10,000 Ibs 

Length: Mount Weight: 500 Ibs 

Voluinc: j Total Weight: 10, 500 lbs 

Porforonce at gorign point: 

Power Input: 20,000 hp (14,914 kw) 

Lorsec: Ohmic: 27.3 kw 
Bush Liddy Current: 47.8 hve 
Prush Viscous Drac: 37.2 hw 
Bearings, Seals & Windige: 20.0 kw 


“106 kw Total 


Power “i put: 14,808 kw 
Current: 49,360 arops 
Volloce: 300 volts hificloney: 99.2954 


yuired: 0.045 gm/sce at 4.5K, 1.1 atirosphere 
Desion Constant 
K, (Back cmt): 0.0911) volts/rpm 


Ry {fsiernal Resistance): 11.2 micro-olunus 


-6 2 
(Vriction Loss): 1.8365 % 10  kw//frpm) 


-6 2 
a ¥ ‘didy Current Loss): 2.553 % 10 kw /Qa) (At full Piel) 


-10 3 
ty Wiccous Loes): &.682 » 19 kw/ (pin) 


Tigue: b-2 
RB-S 


(1) 


similar to those used at NSRDC'’, The final design is shown in 


figure 3-3. 
B.4. AG-NDG SENDRATOR 


Garrett Airesearch Menufaeturing Company has proposed a non- 
superconducting 5, 000 hp ac-de gencrator for use with the Carrett 
990 wabine™’, This generator develops the de power required by 

the superconducting motors by generating ac power which is then 
rectified to de by a bank of 120 diodes. The machine is less 
efficient than the superconducting cruis¢ generator (96.5% against 
99.2%) and weighs about 1-1/2 times es much, it has the advantages 
of not requiring Haudid heliuia cooling and an abtiity for rapid changes 
in field excitation (very ra pid field changes are noe possible in the 

sun crconducting aaochinge becuse ofoungnet and inductance Vinidte. - 
tions). The vse of the ac-de generater as a substitute for the super- 


conducting con rato: is discussed in ihe text. Nicure B-4 gives the 


eseential design details. 
B.5 ALTPRNMATON 


m 


tL 


he alternater used as a batis fay io ce arad abive Crons 
over systems is also based on Mresearch designs developed fo" 


NAVSHIPS. It is, essentially, the ac-de generator design without 


— ecto ——eerns 
My 3, Doyle oud M.). Cannell, "Development of the Shaped Fickd Super - 
conductive Motor," Noval Ship Research and Development Center, 
Betherde, Maryland, Report Ne. 3178, fanvery 1974. 
a 
Work porformed under the ouspleen af t 
Command unde. Gontraeh No. NOUR4 27 


t . s 
he U5, Navy Naval Ships System 
Ob O-b4u7, 
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5,000 UP § 


Design Points 


Siz es 


Partie: 


Desion Constants: 


5,000 hp © 7,200 rpm 
(3,700 kw © 150 v) 


Weight 


QO}: 2.33 


@ngth: 2.33 ft 


9 
Volume: J0.6 ft? 
anes at VDesion Potts 


oe oe Os et me women ws 


Power Input; 5,000 hp (3, 
Losses: Ohne 
Brush iiddy Current 
Brush Viscons Dragq 
bearinas, Seals ane 


728 


POW pride: 


Power 
Currants 
Voliage: 


Output; 3, 700 hye 
24,6040 amps 


1$0 volts 


hy, (Back cinfi: 

. (item) hesistance): 
aPrictlon Lose): 

(Rddy Carrant Loss): 
( 


Visceur Yous): 


Va 
G.3706 

0.0579 » 
4.8225 % 


Viguic ibe) 


B-5 


Liicieon 


Machine weight: 
Mount weights: 
Total weight: 


f ve 
Cys 


Kh, fod atmosphere 


miero-ohms 


10 & 
10" 
ro 


0.0209 volis, 4pm 


kw Kreg) 


ley Hf 


SUPALCONDUCTING CRUISE _CENERATOR 


bs 
oO kw 


(ras 


total 


3,500 bs 
350 lbs 
3,650 los 


Reve roe 


7 
| 

2 
a)* (at full Glee : 
‘ 


DG, Rectifiers 
AC Generstor 


ea 


4.37 


it OW) 


Mott 


NM Quit we 1g 


' 7 
\ 


vf PA: 3 { . 
¢ . 
oe }) i A u WD oe / ete 
° , 
AE Le : eu. 2 t 
et poet on? . 4 } 
om x 
Creer ¢ 43,2 | 
ad : 
Poy Ovi: 3,599 ky 
paul 
Gurren 2a, €40) ae Ali: 
, ~ . . rl 
Vol! ISe VARS Br Vs lsescrun yt 6.5% 


rec sy 


re) = 97.6% 


ac efficiongey (without 


PG ae 
4 Machine we 


’ 
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Desian Point: 
5,000 hp nt 7 
(3.741 nv 


af 


igiite 5,876 
sty 060 
6,07 


oe 


alsS 
Moss 
Wag 
eso 


- SES = rl ml ee 
uM 


rectifiers. Undor the contract previour)ly cited, thee designs were 


developed with the following characteristics for the ac portion of 


the mochines: 


—Lower OD Length 


3,000 hp e* <3” 
5,000 hp 24” Gj)" 
20,000 hp §0" Ga" 


Weiolt 


7,900 Jie 
4,950 lbs 
19,600 1 


eh 


10,000 rps 
7,206 rpm 
3,600 ryan 


be Tificiency 


U7 2%, 
97,69, 


) fay 
Oe ‘te 


The crossover alternator for this application must be capable of handling 


10, C00 hp when cither one or three mat turblnas are used to power 


the two propeNor shafts, The 


design data for the 


three machines 


abovo wae extrapolated to arrive at the folk wing specifications for 


the requied elerneter: 


Por OM Vernet} 
10,000 ho se" fa” 
The rE ashe y 16 COy 
the f imal the original ¢ 
lir.it on ‘ because ¢ 


10,000 tb: 


Gui 


5,009 rpm 


$0UCyvy 29h a 


ae Flvichencsy 


ee me et mee ee 


98 0% 


ie In view of 
If NOcUskwity Gi 
eels NAB CMA 
te hone be 


yoru of O6% 


- iim: Creesover, Teac 


Li 


— em) qad eewn 65-4 Sane) eo) 4 | 


oe 


Design Point: 
10,006 lp at 
(7,450 kw @ 


\ RAEN: S GEEOOTENEER 8 oe RE a oe cee ee COR, 


5, 000 rpm 
6,260 vue) 


Siz Weight: 
Cl): 8e0 tt Mechira weicht: 
Length: 6,0 ‘ Mount weiaht: 
Vohy, : 82.4 TH folal wotuhe;: 

Vee ‘forme ti as = 


’ 


Pigure B-5 


tt 


cent 


B.6 TRANS MISSION LINES 


Varying the transmission line resistances vs. performance over the 


mission prcefile provided the following relationship for the baseline 


configuration: 


r Fuel consuined due to line resistances (in Ibs/hr), 


| W = 0676 Ky + 0.98 F 
= 0.69 RK, 4 0.80 8 


Where: 


KF = (Croes 


(AY) in Mmicto- ONS) 


Taking the teonmsiecton 
fluiel s ing tubes, the or 
arc t len tul 

- Mou Yta 83.70 
Cools: 2.66% 
t Where: 


L - feoagth (ii) 


MG 


MG 


+ 0,22 Re (Main Turbines only) 


+ 0.20 Ke + 0.142, (Main + Cruise Turbitcs) 


Mctor iransmission line resistance 
Main Gonerater buss Nre resistance 


Cruise generator buss line resistence 


ling resiatence 


lines af Coasial aluminum tubes with integral 


eectiona! aren required far the oluminum 


Ro= Resistance (micro- ohms) 


Moston cosien current Ganps) 


Ro 


—— Se 


i ee eee cea die ee ee ie eee a 
? 
-% An atditional 20% is allowed for Coolant pipe and insulation thickness. 


The total weicidt of the transmission line is: 


de =i , 2 - Z 
: wy “oe oj, +4.385 x 10 sie 1 Re L (lbs) 


A trade-off tiais cecure between the teansmission line weights end the weight 


of fuel consumed, as shown in figure 4-6, 


The tranrmigsion ling weights wore optimized against the amount 


of fuct burned in 509 hours with the following results: 


. Baseline confieuration 
es NoOlor transmission lines(2): 1740, 32' long, 3000 Ibs each. 
‘, 
a) ~e . f tok § 
ar) dock ¢ titor b hin; i ae, Caen, wo AU ASE 9 rid 
4190 Vos tain. 
ee i A cru} Tenet STS poy i ’ a2! WAI S45ei.< 
oo ASS Stubs rater Vine: 72 § , oe, ISTO Hye. 
| 
~— Greseaver lines Wig » STs, LARGO THR. | 
‘ Roconfigurad Prerine Re ) VGreior 
os MMar Wonsminsian Maehis): b2 wach: Red, Moe 752", 
16100 Ibs; aft line 44'; 1890 Ibe, 
1 
i Main gencrator buat Mnees bO, 72° total, S66 1 
total, | 
s» Fwd Cruise generator line: 97 nh, 98", SCOG Ibe, 
: 
ee Adi Cruise generator tine: Oo, 71", 2630 Ihe. : 


>. Crogsaver ling: 27 wO, 41°, 3050 Ibs. 


hk. 10 


Line + Fuel NOTE: AM Fuel Weiglis 
20 aic for 500 Vis 
of Operation 


ee eel 


/ 
/ Thousands 
of Lbs 


Thoucan's 
of Ehs 


Fn Fuel 


| 10 


Line Weight 


7 - 


’ — 
e — — or +9 00 00 pees, ee ales puelainass 
v T = i i rt i. a a ee 


‘ ih 109 liu 209 ot) ee 


2 


! aif Oy 
ny Rk 


Figure B-G. Line and suel Rates va. Resistences 


B-J1 


The actual contligurations are shown in figure TP-7. As may be seen, the 
total resistance betweer motors and generators differs for cach combination 
selected. In order to sitaplify analysis, a set of equivalent resistances 
9 

were computed which would give the same ohinic (FR) loss as the actual 
physica) configuration, bet which would permit a single motor transmission 
linc resistance to be vsed between the motors and a common buss point, 
Yach geperetor is then considered to be connected to this common puint 
with a resistance which fs the same es that for cach of the other genermtors. 

(1) 


The resuJtant values ear : 


Raswine Can curatio: 
oe a al A oe gees Sale Bib NA idl aollt wee lb 


R= )7 55 


R, = 94.5 98.7 


R, = 39.0 8.72 
3 
Ri, 0.0 17.0 
R, = 18.0 3.59 
i) 
rn, = eo 17.0 
( 
whet ‘ 
R is reaistence between molor and bags point 
! 
fe tar | wh 
J 
hoois tery Dar’ 
fA 
R is for] mein turbia 
3 


y is for 2 wii). turbines 
R. is for 3 main turbines 
PR is for 4 ingin turoines 


ee ee we ee ee - 


(1) All values in minro-chmas. 
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en a ee 


me apne 2 eens ae 


| PRre t 4 [ ene sot | 
© ¢ © 


Existing Encine Room 


(et meme emcreenes snes a eRe a ATED § OE ET CODA eR IOS ESS oS 5 OR OEE OS OS Omer 


| TT ee ee ee 
arostsiondy 9% —— mal aaa ees 
- t; an wad oF pes Fo l — . eon, 
7) wee freemen oma, ee Bits v, £ ‘ . Same ani’ say Rig Ph ‘) 


ee eters ener rere nee nee 


! 
| 
{ 
| Sone ats al © | ~e { t 
bens . 4 t ’ 
[ sg y> 
t Op pee 
re | : vi ie 
+ | On ia ee 
— enn atts ni ae ee ¢ eS eee : ee 
{ 54/1 i em ; j we? a“ Maen Bee 
| ae | yen: ane 
+ | [ove  [eaet Lee} [ene | 
| : | ie as a 
’ ' ~~ 2 
; | a \ ‘ | (. \ f, ~“ gr \ | 
boyy 
| z. _heconfiqured Engine Room 


G w= Cruise Turbine [ow Main ‘urbine M- Motor 


Nice PF. Nransmission Jine Confiqurations 
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For cruise turbines Jocated in the engine rooms, instead of topside, 
the transmission lines were assumed to be 20 ft/7 long with a resistance of 


27 micro-ohms cach and a weight of 1500 Ibs. for the pair, The values for 


Ri and R, through Re remain the same as for the reconfigured engine room 


case; R, and Ro become: 


] 


= 18.72 jaS 
Ry g ta 


‘= 27.00 U2 


Be7) HELIUM COMPRESSOR: 


Based on the estimated motor end generator helium losses, the amount 


of compressor powcr required for each was estimated as foJlows: 


Carnot Power Compressor 

Required to Powar 
Machine Jeliuin Loss Reliquify  . Requitcd 
Motor 0.097 gin/sec 0.694 kw 22.8 Kw 
Main Cenerator 0.045 gm/sec 0.222 Kw 12.8 Kw 
Cruise Generetor 0.046 gm/sec 0.329 Kw 13.0 Kw 


Assuming one compressor per engine room, the total compressor 


power required is: 


Main Turbincs Only: 48.4 Kw 


iMain¢ Crutse Turbluce: 61.4 Kw 


The compressor sizer required for these oatputs were culitnated at, 


Main Turbines Main + Cruise 
.*.) en —Ladbines 
Maxiinunm luwer o9 Tv 65 Kw 
Volume 33 11° a3 it 
Weight 2500 Tw 3250 los 
Length 7 ft 7 it 
Dianetei 2.5 ft 2.8 ft 


p.§ 9 HELIUM CRYOSLOTIONS 


Helium erye coctions are mounted adjace.t to cach superconducting 
machine and form the final refrigeration (expansion) stage. AN cryosections 


wore hept the seme size foc commonality, being sized to handle a maximum 


‘ 


load of 0.10 am/scc of heliuin. Two cryosections are used per motor to 


facilitate rapid cooldown and to provide rewundancy in case o1 iailure. The 
gencritors have one eryosection each which normally operate at half capa- 
city oxcept during initial cooldown, Yach cryosection is 2.0 ft, in dtametor 


by 5.0 ft. lony and weights 933 lbs. 


B.9 HELIUM CRYOLINES 


j The cryoge nic transier Vines between the compressors and ecryoscction 
$ 7 

= were designed to handle the maximum load, based on the number of cryo- 

be 


sections used. Line sizes and weights required are as follows: 


: , 
4 
b 


Numher of Line Weight 
i fayoseciions OD Moe /fi) 
1 2.0" 2.28 
2 2,8" 4.56 
3 3,5” 6.84 
4 4.1" 9,12 
5 4.6" 11.40 


The total length of lines and toial weight for each corfiguration is: 


Becelineg Reeonficurad 
Conan ration, Encine Room 
Peed. Entre Room 46 fi: 222 Jbe 140 tt 752 (be 
lwd. Cruise Surbine 80 jt; 184 Ibs 70 fi; 275 lbs 
it Engine Roon 56 fi: 243 lbs 54 ft; 322 Ibs 
Aft Cruise Surbine 60 ft; 138 lbs 60 fi; 150 Ibs 
-16 


a, Satan pen pera scenes tet ate 


BLI0 SWITCH CCAR { 


Based on designs developed at NSPDC, Annapolis, the sizes and 


weights for cleetrtcal switches required were cottmated as follows: 


For Use: With, bize Voight 


re ee wee - 


he hme oY 


Cruise Conerator VS" = 2" x S" 85 Ibe cach 


Main Cc ncrator Si" = 30" a.’ 275 Ihe each ' 
j 
Crossover Line 17° x 26" x §* 135 lbs each 
/ The switches hive been Cosiqned to hancle the ineximum currems + treosients 
which oceur in each application ane serve to commect and disconnect the 
generators from the huss Jing, reverse generator polarittes and to oper und 
4 


close the crorrevec ne, In adition to the switches, rheoctats are required 


su th: volte. canbe w.iched when bringing Generators on and off ne, 


} 
when switehipe io croscover ane when reversing the motors. The cheostats 
required wero cotimsated os fellewe: 
Por wee Yooh Size Weotohit 
Gruign Conerator 2G" #20" x 24' 740) Vis 
Main Ge ay 40° % 4h" x ee” 40008 Js 
Cross Wt Zo" x Zu" x» 24" 770 Ups 
Yor ever pplication, four switcher and one cheostea: are required in 
or Gtder to poowie. Jone rd foverse polarities an. cisconnect. The tote] 
BwitcDyoar its resulting ore packaqed an follows: 
’ 
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For Use With 


Cruise Generator 
Main Generetor 


Crossover Line 


Size 
24" x 30" = 41" 
40" x 48" x 70" 
24° x 32" » 46" 


Weight. 


1100 Jhs each 
5100 lbs cach 
1300 Ibs cach 


ae 


ee 


Bo) ESTIMATE OF SHIPS GURVICE POWER 


Rased on trends in clectric power capacity aboard DD chiss vessels 


(1) 


as follows: 


Your Kw Poveor 
45 1, 000 


1955 2,000 
1975 6, O00 


an installed capacity of 6,000 Kw wes ossumed. A steady load of 4,000 Nw 
wes then assumed for assessing impact on ship's ronge (patamoiric varia- 


tions in the study allow adjustment for changes in this power level). 


hlevel of 4, 990 Kw can be provided by one nominelly 5000 Ap turbine 
operating at near full load: fuel load woule be 2700 the/in. Wa second, 
standby, turbine is assum.dio be operating et GMiines at enidel fuct load 
of 360 Ibs/hr, the total feel loed ie 2069 lbs/hr fo: 4000 hw ou pui, or 
0.77 ib/iw-hr. Rosed on this, the ships auviliary generator fuel tate 


assumed to bo O.8 Wi/kw- he. 


eee ay on ae 0 ee eee ee 


0) C. Grabow, “Pactors Affecting Naval Ship Design", Nawal Vaqineces 


de ihe 


APPENDS © - COMPUTER STUDIES 


CGC.) GENLRAL 


This appendix contains a General discussion of the computer program 


utilised fer analysis of the various propulsion configurations over the 


hy nission profile and outpet data sheets for the most important cases, 
Math models for the turbines, propellers, drag, electric motors anc 
generators and electrical transmission Hnes which were incorporated into 
the computer progran cre detailed in fppendix A, 
Llectric Grive system losses were analy: ed based on the motor, 
. . 


aonerater and trangmassion ding models. Goured drives were analysed by 


assuming a fixed gear efficiency Jor tha main recuction goars and shefting 


(3) 


lcese and a fixed? eticiency ror tre Cros er alvern lors ane tubing 
horsepower required at each spacd was obtvined ty dividing shaft hors: 
power by the efficioncy. 
Coty Jong Cott) Vyas 1 Oy set eto G2 kw of 6} ip 

sOnIce Jo 5 ihpl Sith te akOTy m an 0. os /hwht war 
FA +m {) 2} SC ‘ wt Wiacty ¢ : wil ite. ‘ cee iit} ‘2 

q 

| 

~ 


Te ae Atvas 
(1) 0,960 officiency was ufed in the study. 


(:) 


0.960 efficiency per altermiior, or 0,960 fer the pan was ured, 


C-] 


systems, J hw of powoir was added fer each Generator iniuse for lubrication 


pump power (rotor Jubricalion wes assumed to be an equal trade-off for the 


magn reduction gear Jabe load). Constant helivin compressor powers vere 


(1) 


used throueh the alectiical drive missions” ' 


. 


(i) 


100 Nov fer main torbiias only: 130 kw fo imtin and cruise 


furlbiren com! reartgcs 


C.2 COMPUTER PROCRKAM 


The math wodel computer program Consists of a main program and four 


subleooranms: 


: PPC 
be : GEN! 
‘ ° MISS 3 


F ROUND 


. the function of each is as follows: 
“ MAUN Promise 
‘ Reads Calculetion Jinite and mortormance (speed and configuration) 


j 
] 
I 
| 
| 
| 
| 
| 
| 
| 
| 


[a 


requircmente, 

: Obtains fuel rate from PITCH] for given pitch ratio. 

: Optimives piteh, Wo pitch ie not fixed, by a search provedure; 
fuel rate is obtained from PIPCH for each pitch ratio untt! mininiurn 
fue} is obiained, Faure dfloram search aromedures are utilized: 


.. Pibenacei seorch for minimom fach (used for electric drive). 


.. Ititrval se 4 Tor minim foe? Qioect tor aeored drive.) 
; 
..) Interval search tor fuch rot caus) to turbine idle tate (used , 
for qvared drive under jaw power condition). | 


-. 3 VPiteh is fixed ior eclectic drives when fuel rate drops below 


thre idle rale, 


: - Increases number of turbines when the fucl rate exceeds the 


maximum allowed with the existing configuration. 


F When cruise turbines arc used, compares results for main turbines 


f 
q 
and uses the most cfficient, j 
j 
, 
; Calcul:tes and prints final results for each speed, 


. Passes final result for each speed to MISSN and calls for summary 
when last speec is reached (last speed for which turbine configura- 
tion specified can attain results within allowed fuel and turbine 


specd limitations). 
‘ Reads new performance requirements when summary is complete. 


. Reads in new or changed specification data (gear ratios, electric 


consiimts, ete.) when called far, 
ITCH Subprogram 
‘ Reads propeller and crag constants. 


‘. For geared drive, reads gear ratios, efficiencies and turbine 


conslants, 


; Por electric drive, reads motor constants and transmission line 


resistances. 
‘ Computes drag, propeller and turbine characteristics, | 


a Computes turbine fuel whon supplied with propeller pitch from 


MAIN (calculated directly for qeared drive; for clectric drive, | 
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motor/propeller speed and torque are computed, voltages and 
cutrents afe computed and required generator voltage and current 


are passed to CENM, which returns fuel rate). 
GEN Subprooram (used for clectric drive only) 
- Reads gencrator and tuthine constants. 
Computes turbine idle characteristics, 


1; , Computes fuel rate when supplicd with gencrato: voltage and 


current. 


». If magnet field is not fixed, the optimun turbine specd is i 
4 { 
A computed and the fiele is adjusted to match thig field, 
p 
-. if the ficld is fixed, the corre pponding speed and fuel rate ! 
are computed, | 
, 
L) 
»» Tf fuel drops below the mininuni turbine (le) fuelrete, the 
‘ 
magnet {iela is coaneed until Gael rate equals idle untoss 
no field change is allowed i 
: 


' 


: "Plege” the rorult if versinvem turbine speed ts oxseeded or fool 


ratc is above or below the allowable feel cute. 


re emneneneneeres 


MISSM Subprocrcim 
i RKewis mission profile (percent time at each speed), 
; Receives ship speed, tunine conliguration, propeller speed, 


horscpower (iucbine, shaft and efte clive), pitch catia, effective 


' 
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aa) 


Pr 


ened 


gear ratio, turbine fue) rate, turbine figure of merit, refrigeration 


load and lubrication load from PITCH. 


Selects volues corresponding to smallest fucl rate when more 


than two sets of data are received at the same speed. 


Computes miles/ton of turbine fucl, and, pec thousand hours: 
miles, tons of fuel and total propulsion system (turbines plus 


electric system load) tons/mile. Prints results for each speed. 
Computes and prints average results over mission profile. 


Calls ROUND to round results to specified accuracy hefore 


printing. 


ROUND Subpronram 


Rounds data to accuracy called for in input. Fer example, {f 


¥ 

4-place accuracy is specified, 35693,1 becomes 35690, 0; 

21,2195 becomes 21.2200, etc, 

Prograra Variables 

4 

The progeam has the following variables as inputs, Independent of 

the specific configucation beiog investiqated: \ 

Qverall Limits 


Required accuracy fi fuel rate, 
Required accuracy in P/}) ratio, 
Number of iterations aNlowed in search for wmintmum fiel, 


Maximum allowable P/i) rate. 


Drag Calculations 


. 3 Drag coefficients (Cy ‘ V, and Co) 


0 


Propellers 


; Propeller diameter 


—_ 


Water density 


js 6 thrust coefficients (Tg, To2) etc.) 
. 7 torque coefficients (Qj1, Qga: ete.) 
Turbines (Main and Cruise) 
A 4 Turbine fuel constants (W., W,, W, and W,). 
1 2 3 4 
q ; Minimum fucl rates. 


- Maximum fuel tates. 


‘ Maximum rpms, 
Geared Drive 
‘ Main gear ratio 
3 Cruise gear cratic 
c Gear efficiency 
Alternator efficiency 
Hecttic Drive 
‘ Refrigeration power requerements 
: Lubrication power requirements 


. Magnot field (fixed or variabic) 
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‘ 5 Motor constants (hyenas Kao Kou’ Ku and Ry) 
i 
5¢ YY > nts S ws < s fe 
‘ 5 Generator constant (Kings King NG ve and R) 
(both cruise and main) 
re{[cie "ES ‘ 2 2 Rs. 
; 7 Resisiances (Rp and | Bl BG) 
Mission Profile 
, Percent time at each speed 
Tor each configuration run, the following variables are input: 
Speed 
‘ Minimum speed. 
‘ Maximum speed. 
‘ Increrents in speed (between minimum and maximum speeds : 
‘ 
specified). i 
‘ Minimum number of turbines and type. : 
' 
Maximum number of turbines and type. 
Odd nuinher of turbines allowed or not allowed (i.e., crossover 
or no crossover) . 
4 P/D ratio (Lixed or variable). 
é Percent magnet field (fixed or variable) (electric drive only). 
‘ Number of digits accuracy desired in final printout. 
‘ Magnet field adjustment allowcd or not allowed (electric drive | 


only). 


ae 


Jn addition: 


; A punch card record of results for cach spced nay be called for, ") 
3 Step-by-step details of each search procedure may be called for, 


‘ The search calculation made may be changed (between Fibonacci 


and interval search). 


(1) Cards way be used as input to an existing mission analysis pregram which | 
gives dctails of performance of cach system component at each speed 
and méy be run over differcnt mission profiles, 


i 
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C.3) COMPUTER RESULIS 


This section contains results of the computer runs for various 


configurations and variations. 
Included arc: 


Program constants used for the geared drive systems 


(Ref. No. 103). 


Program constants used for the clectric drive systcins 
(bascline configuration, ref. no. 1; reconfigured engine room, 


(1) 


ref, no, 2 and optimum configuration °, ref. no. 3). 


‘ Propeller performance, ship drag andi inission profile. 


(2) 


‘ Mission profile summaries’ for the baseline, baseline 
+ alternators, hascline 4 cruise turbines and baseline 


+ alternators and cruise turbines configurations, 


Mission profile summarics for the clectic drive systems 
(bascline configuration, reconfigured engine roota for the systains 
with and withou! cruise turbines and cptimum configuration for 
the system with cruise tumbines, 


(1) Cruise turbines moved to engine room, 


(2) “RANCE" is the range based on turbine fuel rate only; “TONS OF TULL 
AND TONS PER MILE" include the finpact of cooling, Jube system and 
5 helium compressor loads. "SPEED RATIO" is the ratio of turbine speed 
to propeller rpms. “RLU. NO," refers to the program constants, 
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¥ 
ry s 
1 . Mission Profile Summeries for the geared and electric con- 7 
i ; 
figurations with variable (fully optimized) pitches . j 
% 
y 
Mission Profile Summaries for the electric drive baseline 
: 
i. configunitions with the gencrator fields fixed (at 90%), fixed to ¢ 
‘ 
7: a, « ? 1 ue iT} <i iT) an (1) a 
the nearcst 10% and fixed at "optimum" settings. a 
ba Z 

¢ Mission Profile Suinmeries for each turbine (1 cruise, 2 cruise, 

: ] main. etc.) for the baseline configuration electric drive; 


included for these summaries is a second page for each giving 
details of propellor, turbine and drive efficiencies, percent 


7 magnet field, voltages and currents. 


(1) 80% for cruies turbines 
oe GO% for ons main turbine 
: 5% for two moin wurbines a 
90% for three and four main turbines 
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7 | At the request of Bradford Computer and Systems, Inc. (15 July 1974, 
C-2870) MN. Rosenblatt & Son, ia was to conduct a study, al a feasibility 
I level, of modifying the propulsion system of a modern type destroyer in 
J order to obtain a hicher fuel efficiency during cruising and low speed 
- operations. 
Baseline information as to the system configuration for cach modi fi- 
i cation was based on information furnished by Bradford. th those instances 
t vhere information was not directly applicable to the propulsion systems 
under study, new definitions of equipment configuration were engineered or 
estimated. This work tnvolved ascertaining equipment characteristics of 
possible candidate systems and investigating the feasibility of integrating 


each system into the configuration of a modern type destroyer. 


In order to demonstrate the feasibility of adding new equipment to 


typical modern destroyer type ships, in conjunction with the study of the 


rier teers Bet 


comparative performance of high efficiency ship propulsion systems, four 


arrangement drawings have been prepared. Each drawing shows the modifications 


to both forward and after engine rooms to accommodate the required equipment i 


for each proposed propulsion system. The propulsion configuration of an 
. existing destroyer type (NN963) wes used as a baseline for the equipment 
4 arrangements in order to provide a real life basis for the study. The base~ 


line propulsion system consists of four LMN-2500 gas turbines (80,060 HP total), 


: 
| 
: 


. mechanically geared to two i Jependent shafts (40,000 HP cach) and is considered 
representative of modern destroyer type ships. The four possible modi fica- 
tions to this baseline system are summarized as follows: 

: i 1.1 Drawing No. 2870-01 shows the addition of two 5009 HP aas turbines, 


one to each engine room, to provide the capability for reduced power 


de 


1 D-# 


cruising. Each new gas turbine ts mechanically coupled to the 
existing main propulsion gear. : 

Drawing No.2870-02 shows the addition of 4 10,000 HP alternator 

and its associated equipment to each engine room, to permit a single 
Propulsion turbine to drive both shafts via an electrical crossover 
between port and starboard propulsion systems. During crossover 
operation, one alternator will be driven as a synchronous motor by 
the other alternator. 

Drawing No.2870-03 shows the substitution of superconducting electric 
propulsion equiprcnt for the existing mechanical reduction gearing, 


while retaining the existing machinery arrangenent. This modifica- 


tion provides the main propulsion system with the capability of 


accepting connections to external 5000 HP cruise turbines and an 


electrical crossover connection, both of which provide for cruising 
at reduced power levels. 
Drawing No.2870-04 shows the substitution of Superconducting elec- 
tric propulsion equipment for mechanical reduction gearing, as 
above, except that the existing machinery configuration has beer 
optimized by elevating the propulsion gas turbines to reduce intake 
and exhaust ducting and by locating the propulsion motors aft to 
reduce shaft length. 
pened 
Al] four engine room arrangement drawings show equipment currently 
under development. The arrangements shown are based on preliminary infor- 
mation and are, of course, subject to change as a result of Future design 


developments and as additional information is made available. Engineering 


Fudwenent was often required in allowing for service access and interface 

requirements. - . 
of the four engine room arrangements outlined in the introduction, 

those showing the addition of high perforiance alternators and supercon- 

ducting mochinery hive beh based on data previously developed through 

prior propulsion studics primarity for a SWATII type ship, and additional 

information furnished by Bradford Computer and Systems, tne. 

Although there is a convenient similarity between the SWATH propulsion 
plant and that of the destroyer chosen as typical of modern destroyer types, 
(twin screw, 80,000 sub total), some modification of the SWATH propulsion 
plant was necessary for installation in the destroyer type hull. The SWATH 
was provided with a large single engine room containing both port and star- 
board propulsion plants. Many of the services for the superconducting 
machinery on both plants (i.e. helium, coolanol, etc.) had a common source. 

Destroyers, on the other hand, are usually provided with two separate 
engine rooms, each intended to be as independent as is practical from the 
other. Thus, in the destroyer urrangement drawings, several of the SWATH 
systems have been mecified to provide independent superconducting machinery 
support systems, such as helium and coolanol systems for each engine room, 
as shown in Figure 2-1. In addition, motor and generator bearing lube 
oil requirements have been provided from the existing main lube oi! system, 
in lieu of providing cach new machine with its Sith individual tube of} 


system, as was shown for the SWATH study. 
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7 43. Modi ffeations 
3.1 Addition of Cruise Turbines (Drawing Ho. 2670-01) oe ss 
The ernie turbine size shown was based on available infovma- 
tion for modern marine gas turbines of approximately 5000 HP. The 
space shown will accommodate the Garrett GTPF990 engine, currently 
under development for the U.S. Navy. The cruise turbine output is 
mechanically coupled through angle gearing to the existing main 
: reduction gear which must be modified to accept the cruise turbine 
input shaft. 
Other modifications necessary to accept the cruise turbine, 
its gearing and its ductwork are as follows: 
a. The shaft turning gear was relocated to the opposite side 
of the reduction gear. 
oo | b. The main Tube oil cooler was relocated to the 7'-6"' level, 
alongside the main reduction gear. 
f c. Vertical ladders between the 24'-0" level and the 15'-0" 
| level were relocated. tn the forward engine room, this 
relocation placed the new vertical ladder close to the 
auxiliary boiler which normally would present a hazard to 
personne}. However, upgrading the boiler insulation in 
accordance with the recommendations of current Navy studies 
should climinate any hazards due to heat from the boiler. 
d. The machinery platform at the 15'-0"' level was extended 
hc rigekine a turbine and gear service aisle. 


e. The auxiliary boiler exhaust duct was modified by the 


addition of a transition piece (f.om a circular to a 


o= 


rectangular duct cross-section) to permit the new cruise 
turbine exhaust duct to be run under the existing boiler 
exhaust duct. In the aft engine room, the existing ship 
service generator intake duct was also re-routed to clear 
the new cruise turbine angle gearing. 

f. Several power panels, lighting panels, starting air flasks 
(forward engine room), and fire-fighting cylinders and 
hose reels were relocated to suit the new arrangements and 
ductwork. 

2 3.2 Addition of Crossover Alternators (Drawing No. 2870-02) 


The alternator size shown, and the service requirements for 


an 
this alternator were estimated from existing machine data and from 
4 i data on other alternator sizes supplied by Bradford Compuicr and 
q : 
Bees ti Systems, Itc. The data used in preparing this arrangement is summa- 


rized in Table 3-1. Transmission line cooling was not considered 
necessary as it was assumed that the alternator would be arranged 
to operate at a higher voltage rating than the acyclic machines 
used in the SWATH study and that output currents could be trans- 
mitted via normally installed Navy SKYTSGA cuble. 

The alternator is mounted alongside the existing reduction 
dear and mechanically coupled via a new transfer gear and a modi- 
fication to the existing reduction gear. Few other modifications 
to the existing engine room arrangement are required to accommodate 
the new equipment. These modifications consist mainly of relocating 
a few minor items (air starting flasks, fire fighting hose reels 
and cylinders, etc.) and modifying existing gratings as shown on I 


' . the drawing. 
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3.3 Substitution of Superconducting Electric Propulsion, Existing 
Engine Room Configuration (Drawing No, 2870-03) 
In this configuration » superconducting electric propulsion 
system similar to that planned for the SWATH is substituted for 
the existing main reduction gear in cach engine room. One 20,000 
HP propulsion generator is direct coupled to each propulsion gas 
turbine and one 40,000 HP propulsion motor is direct coupled to 


each propulsion shaft. 


ee a ee ee ee ee a 


The controllable pitch propeller (CRP) is locked into a fixed 


eT es 


position and the CRP hydraulic system is removed. Alternately, 
the CRP could be replaced by a fixed pitch propeller, however the 
change in efficiency is considered to be small. The difference in 
weight between the CRP and a fixed pitch propeller was not esti- 
A t i mated. 
The existing reduction gear lube of} system is retained to 
provide bearing lube oi] to the new equipment. The existing gear 
i driven lube of] pump is raplaed by an additional motor driven 
lube oi] ‘pump. The existing main lube oi] cooler is retained and 
relocated to the 7'-6" level to provide space for the new coolanol 
system. The existing thrust bearing is replaced by a new pedestal 
type thrust bearing at the after bulkhead in each engine room. 
The new helium and coolanol systems are installed mostly on 
the 15'-0" level which has been extended into the space formerly 


occupied by the main reduction gear. A new uninterrupted power 


E supply (UPS) power panel aud automatic bus transfer switch (ABT) are 


also instatled on the 15'-0" level. Generator disconnect and 


ae . 5 


we crossover switches are located at the 24'-0" level except for the | 
forward engine room, where the crossover switch is located at the 
15'-0" level. 

ad With the exception of the air starting flasks in the forward 
engine room, almost no other modifications are required to the 
existing engine room equipment. 

The 5000 HP cruise turbine, if used, can be modularized as 
shown in Figure 3.1] and installed on top of the deck house adjacent 
to the machinery casing as shown in Figure 3.2. Electrical trans- 
mission lines and service piping will be run within the machinery 


casing between the cruise turbine module and the engine room with 


disconnect devices in the engine room in the event of damage to the 
module. Separate disconnect devices are also provided in each 
engine room to isolate the electrical cross-connect between engine 
rooms in the event of damage. It should be noted that the cruise 
turbine module can be easily installed within a standard &'x8'x20' 
: shipping container. 
: 3.4 Substitution of Superconducting Electric Propulsion, Reconfigured 

Engine Room (Orawing Ho. 2870- 0h) 

This modification requires that the existing main reduction 


gear be replaced by superconducting electric propulsion, as does 


the previous modification. However, in this case an attempt is 


made to optimize the engine room arrangement by raising the main 
: propulsion turbines and by relocating the main propulsion motors 
aft into the shaft alley area. 


in this arrangement the propulsion gas turbines and the 
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20,000 HP propulsion generators are moved up onto the 24'-0" level. 
In addition, the 24'-0"' level is extended from the centerline to 
the shel! to fill in the area formerly occupied by the gas turbine. 
ductwork. The generator cryosections are located in the overhead 
of the 15'-9"' level, directly under the propulsion generators, 

The 15'-0"' level is also extended from the eens w780 to 
the shell. The helium and coolanol systems and the 20,000 HP 
generator disconnect switches are located on this level. The CRP 
system is locked in a fixed position as in the on arrangement 
(Section 3.3) and the existing attached lube of! punip is replaced 
by a new electrically driven lube of) pump. The main lube of} 
cooler is relocated to the 7'-6'' level. 

In this arrangement the existing lube of] storage and settling 
tanks are relocated from the 2/'-0" level to the 15'0!' level while 
the electronics cabinets on the 15'-0" level are moved to the gi heQ! 
level. This is to provide the inboard propulsion gas turbine on the 
24'-0'' level with a service access aisle. Several power panels, the 
fuel oil service heaters (aft engine room) and an air filter (forward 
engine room) were also relocated as part of this change. 

With the 15'-0" level extended from the centerline area to the 
shell, there is no longer a need for two vertical access ladders 
and one of the ladders is eliminated in each engine room. It was 
necessary to relocate various fire fighting hose reels and cylinders, 
air starting cylinders (forward engine room) and vertical ladders: 


from the 15'-0'' level to the 7'6" level (forward engine room) and 


from the 15' -0! level to the 7' -6'' level (forward engine room). 


1m fy pee weer me etme tame men tm ee —_ 


pre 


The location of the 50C0O HP cruise turbines is as shown in 


Figure 3.2. Only one crossover switch is provided in the aft 
engine room, since both electric transmission lines must pass 
through this space. 

The location of the propulsion motors is shown in Figure 
3.3. The propulsion motors, in this location, appear to displace 
the shaft alley sewage treatment plant. However, the displaced 
equipment can be relocated to the space gained under the main 
propulsion turbines in one of the engine rooms. Wo attempt has 
been made at this time to optimize the shaft angles or relocate 
the shaft tubes. Additional studies are required into the ser- 
viceability of the propulsion motors in the location shown and 
into the possibility of providing a third set of helium-coolanol- 
lube oil service aaiionent in lieu of piping these services aft 


from the engine rooms. 


4k, Estimate of Weight Changes 

Tables 4-1, 4-2, 4-3 lists the equipment removed and added as a 
result of the modifications in Section 3 and the estimated weights for 
the various equipment. In many cases, weights and sizes shown have been 
estimated from available information on equipment, that is currently 


under development. Due to the preliminary nature of much of the avail- 


able information, no attempt was made to estimate changes in structural 


weights or changes in various ship systems caused by these modifications. 
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SUMIIARY OF WEIGHT CHANGES 


ADDITION OF CRUISE TURBINE 
UNL T UNL T TOTAL 
LINE qty WE (IS) sive WE GUT 


1. 5,000 hp Gas Turbine 2 5,000 W'xS'x10! 10,000 lbs 


2. Transfer Gear & Clutch ° 2 6,000 Wy hth! 
CSS eG! 72,600 


TOTAL 22,000 lbs 


Notes 


1. Above quantities include equipment for both forward and 
aft engine rooms. 


There is no equipment removed as a result of this modification. 
Additional omitted weights: 
a. Modification to main reduction gear 


b. Ductwork and new service piping and cables 
for new cruise turbine 
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: TABLE W~ 2 4 
RA eS ee. | 
fl SUMMARY OF VEIGHT CHANGES 

ay ) LH ANGE 


ADDITION OF CROSSOVER ALTERNATOR 


& 

_ UNIT UIT TOTAL 

i LINE Qty Wr (LBS) sizt WEIGHT 

7 Vis 10,000 hp Alternator 2 11,000 a RD & 6! 922,000" Tus 
fe * 2. Transfer Gear 2 12,000  8'x6'x3'! 24, 000 

| 3. Service Hodule vy 1,500 3,000 


a. 


TOTAL 49,000 Ibs 


NOTES 


4 0 
i 1. Above quantities include cquipment for both forward and aft 
engine rooms. 


{ : ae There is no equipment removed as a result of this modification. 


j 3. Weight added as a result of modification to existing main 
4 reduction gear is omitted. ne 
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LINE HOS. 


1 - 10 Fud and Aft Engine Rooms - Weights Removed 
1 o- 37 Aft Engine Room - Weights Added 
38 - 64 Fwd Engine Room - Weights Added 
65 Crossover Between Engine Rooms ~ Weiahts Added 
TOTAL CHANGE (8 WEIGHT 
NOTES 
1. Quantities for equipment removed includes equipment in 


TABI W = 3 


SUMHARY OF WEICHT CHANGES: 


SUPERCONDUCTING ELECTRIC PROPULS 1 O01 


TERISTIC UNG INE ROGH CONF IGURATIGN 


ITEM 


both forward and aft engine rooms. 


WE 1 GHT 
CHANGE TN LBS. 


(390,000) 
223,023 
224, 664 


9,300 


67 ,047 


2. Weights for CRP hydraulic and Coolanol Systems considered 
to be even exchange except for new coolanol heat exchanges. 


3. Additional study is required to confirm whether or not the high 
impedance clement (25,000 lbs.) is required. 


. Es - ee 
a ae ee 
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TABLE > 3.1 


FWD & AFT ENGINE ROOM WEIGHTS REMOVED 


- 
al 


SUPERCONDUCTING CLFCTRIC PROPULSION 


HEXISTING ENGINE | ROOM CONFIGURATION 


UNIT — UNIT TOTAL 
a gry wr (iss) SIZE WEIGHT (LBS) 


_ «. 
. 
th A Ani Ne Wn ae 


1s Main Reduction Gear 2 170,000 . 340,000 
i 2 High Impedance Element 2 35,000 50,000 
(See Note 3) 1 
i 3. Attached Mn L.O. Pump (Included in line 1) iz 
K, CRP Hyd fump eh ph Ek (7 
on um Oi! Dist. Box " i ; 
6. " Shaft Turn Gear " ay ie ae I 
7. Control ~Shaft Ten Gear (Misc.) 
Bj 8. CRP tlead Tank (See Note 2) 
9. CRP Sump Tank pit . 
10. CRP Hydr. Module es as a 
TOTAL RENOVED (390,060) 
Se Deal 2. 
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TABLE 4 = 3.7 


AVT ENGINE ROOM MEIGITS ADDED 


SUPERCONDUCTING FLECTRIC PROPULSION 


SEXISTING THOINE ROH COUITGURATTON 


UNIT UNIT TOTAL 
ago TEM QTY WT_(1.BS) SIZE WEIGHT (LBS) 


Gad vanel Pump (20hp) 2 (See Note 2) 
Cont ee Pump 2 

Coolanol Surge Tank ] 

Coolanol Filter 


Coolanol Heat Exchanger 


mea ru ae ae BWR, Riedie Died RS inti as a EE i ait ee eae eel soe naa 
P —— — 4 rw 5 eli 3 = s 


. Thrust Bearing 
L.O. SYC Purp (S0hp) 
Cont -L.0. SVC Pump (2 spd) 
Auto Bus Transfer SW 0.8'x2'x3! 
Power Pane] : 2 xd 3, 5" 380 
Uninterrupted Power Supply 2.7 a2 "x3" 1,275 
Propulsion Motor (40 K hp) 6.5' Dx11.7' 136,500 


Propulsion Generators 
(70 K hp) 3.2' Dx4.2! 21,000 


Exciters 1'x2'x3.5! 1,125 
Gen. Polarity & Discon. 3.7'x4'x5.8' 10,200 
Transmission Lines: 
Generator 2,027 
Motor 3,008 
Nelium Compressors ' 6,500 
Cryosections : S3152 
Cryolines . 243 
SUB-TOTAL 203,430 
Crossover Switch 1 1,300 2'x?.7'x3.8! 1,300 


Transmission Line 1,584 
WiB- L 

SUB-TOTAL 2 88h 

eee 
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TABLE A> But 


ALT ENGINE ROOM MELGHTS ADDED 


SUPERCONDUCTING FLECTRIC PROPULSION ~ 


CEXISTING ENGINE ROOM CONFIGURATION 


UNIT 
UE pata TE. RW sy 
3h. Cruise Turbine Module 

a. 5,000 hp Gas lurbine 1 5,000 
b. 5,000 hp Generator 3,850 
c. Cryosection 1 933 
ds ° Exciter | 1 375 
e. Container Structure 1 3,500 


35. Transmission Line 
36. Cryoline 


37. Gen. Polarity & Disconnect 
Switch 1 1,100 


SUB-TOTAL 


UNIT 
SIZE 


8'x8'x20! 


2'x2.5'x3.5! 


TOTAL, AFT ENGINE ROOM 


TOTAL | 
WEIGHT (LBS) 


5,000 
3,850 
o33 
375 
3,500 
1,813 
138 


1,100 


16,709 


223,023 
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TABLE 4 - 3.2 


FAD TNGINE ROOM WEIGHTS ADDED 
+ SUPERCONDUCTING ELECTRIC PROPULSION ° 
j 
‘ UNIT UNIT TCTAL 
Bei LUNES eee eT QTY —-WT_(LBS)_ SIZE 
: = 38, Coolanol Pump (20hp) 2 (See Note 2) 
[ 39. Cont -Coolanot Pump 2 mo ea 
4 7) 40. = Coolanol Surge Tank 1 ee 
“ 41, Coolanol “ilter 1 i 
i 42. Coolanol Heat Exchanger 1 4,000 1.5! Dxi2! 4,000 
| iT 43, Thrust Bearing 1 12,000 3.8! Dx4! 12 ,000 
| ‘ 4k, = £.0. SVC Pump (50 hp) 1 1,000 1,000 
3 u 4s. Cont -L.0. Svc Pump (2 spd) 1 90 90 
z i 46. Auto Bus Transfer SW 1 350 0.8'x2'x3! 350 
7 47. Power Panel 1 380 -2'x1'x3.5! 380 
ie 48, Uninterrupted Power Supply 1 L275 9D, JF? x2'25"* 1,275 
ry 49. Propulsion Motor (40 K hp) 1 136,500 6.5' Dx11.7' 136,500 
iu 50. Propulsion Generators 
(70 K hp) 2 10,500 3.2" Dxh.2! 21,000 
= Dilys Exciters 3 375 R2 eggs 1,125 
- 52. Gen. Polarity & Discon. 2 5,100 = 3.7'x4'x5.8' 10,200 
5 53. Transmission Lines; 


Gencrator 


55. Motor 
| 56. tlelium Compressors 2 3,250 
“ 57 Cryosections k 933 
‘ 58. = Cryolines 
if SUB-TOTAL 
ie 59 Crossover Switch 1 1,300 
| 60 Transmission Line sinatra 


22 ad) ge 


2,152 
3,008 
2.6' Dx7.8! 6,500 


200" ORS" 3,732 


= 28 
203,444 


as et le Oe 1,300 
360 
1,660 


t 
. 
/ 


WENCHT (LBS). 
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TABLE A 
| FUD LEGIT ROOK WEIGHTS ADDED 


SUPERCONDUCTING FLECTRIC PROPULSION — 


HLATSTING NGIUE ROOM CONE TGURAT TON 


UNIT UNIT TOTAL 
NE oo et | SIZE WEIGHT (LBS). 
61. Cruise Turbine Module 8'x8'x20! 
a. 5,000 hy: Gas Turbine 1 5 ,000 5,000 
b. 5,000 hip Generator 1 3,850 | 3,850 
c.  Cryosection 1 933 933 


d. Exciter 1 375 375 


e. Container Structure 1 3,500 3,500 
62. Transmission Line 4,018 : 

a 63. Cryoline 184 
, { 
64. Gen. Polarity & Disconnect q 
Switch 1 1,100 292,593.05"  15:100 i 

SUB-TOTAL 18,960 

TOTAL, FWD ENGINE ROOM 224,064 
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TABLE 4H = 3.3 


SUPERCOLDUCTING ELECTRIC PROPULS LON 


TEXTS CHCINE ROOK CONFIGURATIGN 


7 UNLT UNIT TOTAL oF 
kiwe 0 TeM ory wr (lus) SIZE WEIGHT (LBS) 
65. Transmission Line 9,360 

TOTAL 9,360 


Pk rt Om tree ee NEE be eID Oe Ree th Hie em aE Meee met Ge B Eee HS geese te ee ee Lr es 


“4 


* ictaae - nS URS ut nm - re me 
fe sg a 


TABLE = 4 


SUMMARY OF WEIGHT CHANGES 


SUPERCON DUCT ING CLECTRIC PR OPULS 1 ON 


= RE COM 1G URED THGTHE E ROOK 


WE LGHT 
[TEM NOS. LOCATION CHANGE IN LBS. 
1-11 Fwd and Aft Engine Rooms ~ Weights Removed (538,200) 
12 - 39 Aft Engine Room - Weights Added 74,620 
ho - 58 Fwd Engine Room ~- Weights Added 86 ,667 
59 - 62 Propulsion Motor Space ~ Weights Added 301,482 
TOTAL CHANGE IN WEIGHT (75,431) 
{ 
ae ae 
NOTES 
a 1. Quantities for equipment removed included equipment in 
both forward and aft engine rooms. 
be Weights for CRP hydraulic and Coolanol Systems considered 
to be even exchange except for new coolanol heat exchanges. 
3. Additional study is required to confirm that high impedance 
element can be removed. 
* \ 
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TABLE M-Net 


. 


FWD 6 AFT ENGINE ROOK WEIGHTS REMOVED + 


SUPERCONDUCTING ELECTRIC PROPULS LOR 


“= RECONF EGURED | PUGINE Room 


ee 


Main Reduction Gear 


High Impedance Element 
(Sec Hote 3) 


Attached Mn L.0. Pump 
CRP Hyd Pump 
Oi} Dist. Box 
Shaft Turn Gear 

Control ~Shaft Turn Gear 

CRP Head Tank 

CRP Sump Tank 

CRP Hydr. Module 


Matn Propulsion Shafting 


UNIT 
qty = WT_(.BS) 
2 170, 000 
2 25,000 


UNIT 
SIZE 


(Included in line 1) 


(Misc. ) 


(See Note 2) 


650 Ib/ft 


228! x18" 


TOTAL 
WEtGHT (LBS) 


340,000 


50,000 


148 ,200 


ee ae 


538,200 
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j r ae _rerenente (eae entire AP PEN 
TABLE W = .? 
| 
: APT ENGINE ROOK ME LGITS ADDED i 
7 SUPERCONDUCTING ELECTRIC PROPULS LON ‘| a 
—TRECONELGURLD TNCHNE “KOO | 
UNIT UHIT TOTAL | 
WE ae UR LB Wenge (LBS) | 
12.  Coolanol Pump (80 hp) 2 (See Note 2) } 
13.  ContCoolanol Pump 2 (See Note 2) i 
1h.  Coolano! Surge Tank 1 (See Note 2) | 
‘ 15. Coolanol Filter 1 (See Kote 2) | 
16. ‘Rostene Heat Exchanger 1 000 1.5' Dx12! 4,000 : a 
| Ly. (Hot used) | 
| r 18. 1.0. SVC Pump (50 hp) 1 1,000 1,000 
q 19. Cont -L.0. SVC Pump (2SP0) 1 40 90 
5 11 20 Auto Bus Transfer OM 7 3450 Oy BK 2 xs" 350 
21. Power Panel 1 360 re a Nea re 380 
223 Uninterrupted Power Supply 1 15275 ba aes 1279 \ 
23. (Hot used) 
2h. Propulsion Generators 
| (70K hp) 2 10,500 3.2' Dxh.2' 21,000 
1 25. Exciters 2 3) Re SS 375 
: 26. Gen. Polarity & Discon 2 5,100 3.7'x4'x5.8' 10,200 
2]. Transmission Lines: 
28. Generator 3,126 
29. Motor 1,892 
30. (tot used) 
31. Helium Compressors 2 3,250 >. be txy 6,500 
32. Cryosections 2 933 2.0' Dx5! 1,866 
33. Cryolines ae 74 
SUBTOTAL 52,751 
26 p29 
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| 
| : 
i 
, da 
| TLE W = 2 | 
i ! 
: e ART ENGINE ROOM WEIGHTS ADDED 
aa Pe mre AS ' 
er SUPERCONDUCTING FLECTILIC PROPULS LON 
=RLCONFIGURED LUGINE Koon | 
j . } 
" UNIT UNIT TOTAL 
LiWe Tem TT BS). SIZE WEIGHT (1.65) | 
: ' 
5 
: ' 3h Crossover Switch 1 1,300 2 PT 'e35 8" 08 ' 
; f 35. . Transmisston Line 3,034 
ue 
) SUBTOTAL 334 
36. Cruise Tutbine Module 8.x8.x10' 
: a. 5,000 hp Gas Turbine 1 5,000 5,000 } 
{ b. 5,000 hp Generator 1 3,850 3,850 
| c. Cryosection 1 933 933 
1 
d. Exciter 1 340 375 
c. Container Structure 1 3,500 3,500 
37. Transmission Line 2,627 
38. Cryoline 150 
39. Gen. Polarity & Disconnect 
Switch 1 1,100 Jie Ces Sees 1,100 
SUB-TOTAL i Soo 
TOTAL, AFT ENGINE ROOM 74,620 
27 
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TABLE N= We? 


PHD ENG UIE POOH MELGHTS ADDED 


SUPERCO! IDUCTING ¢ LECTRIC PROPULS TON 


~RECONT ae UR 1 a4 “CHG TRE OOM 


UNET UNIT 
A ate WUE te oie yeas ULE WT (ths) S12t 
ho. Coolanol Pup (20 hp) 2 See Note 2) 
41, Cont ~- Coalanel Pump 2 Mw ae 
42. Coolanol Surge Tank 1 ge tk oY 
43. Coolanol Filter 1 a 
Wh, Coolanol Neat Exchanger 1 2,000 1457 Dei?" 
hs. L.9. SVC Purp (50 hp) 1 1,000 
h6 Cont -L.0. SVC Pump (2 spd) 1 90 
47. Auto Bus Transfer SW 1 350 6,8 x2. 238" 
4&. Power Panel 1 360 2'x1'»3.5! 
hg, Uninterrupted Power Supply 1 1,275 2.7 2x5" 


50. Propulsion Generators 


(70 K hyp) 2 10,500 Be a cs Fre 
ae Exciters 2 375 he bee 
52. Gen. Polarity & Discon. SW 2 5,100 Ref ta SOE 
53. Transmission Lines: 

54, Generator 
55. Motor 
56. Helium Compressors ? 3,250 2.5' Dx5! 
57. Cryosections 2 933 2.0' Dxd! 
58. Cryolines 
SUB-TOTAL 
28 
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TOTAL 


WEIGHT (LOS) 


4 000 


1,000 


21,000 
750 


16,200 


2,469 
16,104 
6,400 


1,866 
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TAL fs N38 


FMD ENGINE ROOM WEIGHTS ADDED 


SUPERCONDUCTING FLECTRIC PROPULS TON 


~RECOME LGURED ERGINE KOON 


. 
rv hs gale we Sag cioen Hoe ee on le aren a een iaric on ins Ae die ae lame lee we mentee) 


UNIT UNIT TOTAL 
Line TEM TY wet BS) FARAS WEIGHT (LBS) 
59 Cruise Turbine Hodule 88x10! 
a. 5,000 hp Gas Turbine 1 5,000 5,000 
b. 5,000 hp Generator 1 3,850 3,850 
Cs Cryosection 1 933 933 | 
d. Exciter 1 375 375 | 
e. Container Structure 1 3,500 3,500 
60. Transmission Line " hi 998 | 
61. Cryoline 175 | 
62. Gen. Polarity & Disconnect 
Switch 1 1OG- 25" ke" 1,100 
demise 
SUB-TOTAL 195.931 
TOTAL, FWD ENGINE ROOM 86,667 


TABLE A - ALA 


PROPULSION MOTOR SPACE WEIGHTS ADDED 


. UNIT UNIT TOTAL 
LINE ITEM Qty wr (tps) size Weteit (Les) 
63. Propulsion Motors 2 136, 500 6.5" Dxlin 7! 273,000 
64. Thrust Bearings 2 12,000 3.8' Dxh! 24,000 
65. Exciters 2 375 iS rad: aie 759 
66 Cryosections 4 933 2° DxS" 3,732 
301,482 
9 D> a3. 


